Genetic variation in Australian isolates of Rhizoclonia solani was analyzed by random amplified polymorphic DNA (RAPD) assay. Isolates originated from different geographic locations in Australia and belong to a number of different anastomosis and pectic zymogram groups. Using four different oligonucleotide primers fingerprint patterns were generated for each isolate. All of the anastomosis and pectic zymogram groups (including subgroups) tested could be distinguished. For some groups there was considerable variation in the fingerprint patterns between isolates. This variation was more marked between isolates from different geographic locations. Other groups showed very little variation between isolates. RAPD-PCR analysis is a very useful alternative to anastomosis grouping for identification of isolates of R. solani.
The use of molecular biological techniques such as restriction fragment length polymorphism (RFLP) has allowed tremendous advances to be made in Wlderstanding the structure of fungal populations and the mechanisms by which variation arises within these populations. However, despite its usefulness, RFLP analysis is time consuming, expensive, and laborious. Welsh & McClelland (1990) recently described a modification of the polymerase chain reaction (PCR) procedure which can be used to generate RFLPs for any species. This technique dubbed RAPD-PCR differs from conventional PCR in that it uses only one primer (10-20 bases) which is derived from an arbitrary sequence. Electrophoresis of the amplification products on an agarose or acrylamide gel generates a fingerprint pattern which is strain specific. Polymorphisms identified in the fingerprint pattern are inherited in a Mendelian fashion, and can be used to construct molecular maps (Welsh et al., 1991; Williams et al., 1990) . The main advantages of RAPD-PCR are the speed and simplicity of the technique, and the fact that no prior sequence information is required to generate a primer. Any oligonucleotide can be used as a primer, and the same primers have been used with animals, plants, fungi, and bacteria. RAPD-PCR has been successfully used to differentiate strains within species of plants, bacteria, animals, and fungi (Williams et al., 1990) .
In this study we have used RAPD-PCR to analyze DNA polymorphisms within the species Rhizoctonia solani KUhn. R. solani is a major pathogen of cereal crops in Australia and the U.s.A., and incidences of disease caused by this fungus have been increasing in recent years (McNish, 1986) . R. solani is a soil fungus which infects the root tissue causing maceration of • Corresponding author. the root tissue with a consequent inhibition of plant growth.
Virtually all plant species are susceptible to infection by R. solani, and the fungus has a worldwide distribution (Ogoshi, 1987) . Isolates of R. solani show tremendous variation in characteristics such as morphology, pathogenicity, and host specificity. Traditionally these isolates have been grouped into anastomosis groups (AG). Isolates from the same group undergo hyphal fusion with each other, but not with isolates from other groups. A more recent concept has been to classify isolates on the basis of the pectic enzymes produced during growth on pectin (Sweetingham, Cruickshank & Wong, 1986) . According to this system, isolates are divided into pectic zymogram groups (ZG). This system agrees with the division based on anastomosis behaviour, except that some of the AG can be further subdivided into different ZG.
Although the AG concept correlates to some extent with pathogenicity, evidence from several studies suggests that there is considerable variation between strains from the same AG, and that the pathogenicity of R. solani cannot be explained solely in terms of AG or ZG (Vilgalys, 1987; Ogoshi, 1987; Yang, Sivasithamparam & O'Brien, unpublished; Vilgalys & Gonzalez, 1990; Jabaji-Hare et aI., 1990) .
However, due to a lack of stable genetic markers it is very difficult to assess the level of variation within the different groups, and to identify the mechanisms responsible for this variation. One solution to this problem is to use RFLP analysis. This approach has been successfully used with other species of phytopathogenic fungi (Levy et al., 1991; Manicom et al., 1990) . Previous studies on RFLP analysis in R. solani Oabaji-Hare et al., 1990; Vilgalys & Gonzalez, 1990) 
MATERIALS AND METHODS

Fungal isolates
The isolates of R. solani used in this study and their source are given in Table 1 . Stock cultures were maintained on PDA (Difco) agar plates at 4 0c. et al., 1986) . 2, Isolates obtained from R. Cruickshank, University of Tasmania, Hobart, Tasmania. (Cruickshank, 1990) . 3, Isolates obtained from K. Sivasitharnpararn, University of Western Australia, Nedlands, Western Australia.
ZG, Zymograrn groups according to Sweetingharn et al. (1986) , Neate, Cruickshank, & Rovira (1988) , and Cruickshank (1990) .
AG, Anastomosis groups (Ogoshi, 1987) .
Isolation of DNA
Inoculum was transferred from stock plates into liquid V8 medium in petri dishes (20 ml per dish), and incubated at 25°f or 6 d. The mycelium was harvested by filtration, washed with ice cold TE buffer (10 mM TrisjHCl pH 8'0) and lyophilized. DNA was extracted from the lyophilized mycelium by the method of Raeder & Broda (1985) .
Amplification conditions
The following primers were used for PCR reactions.
Primers were synthesized on a Millipore Cycler Plus. Protecting groups were removed automatically in the final stages of synthesis. The MI3 universal sequencing primer (USP) was obtained from Boehringer-Mannheim. PCR reactions consisted of a 25 IJI vol containing 67 mM Tris-HCI pH 8'8, 16'6 mM (NH 4 )S04' 0'2 mM each of dATP, dGTP, dCTP, and dTTP, 0'02% gelatin, 0'45% Triton X-100, 50 ng of genomic DNA, 4 mM-MgCl 2 , 25 pmol of primer, and 2 units of Taq polymerase (Biotech International, Perth). Amplifications were performed in a Hybaid thermocycler.
For the primers R1 and T7, the temperature profile consisted of: 94°for I min; 6 low stringency cycles of 94°for I min, 40°for I min, and n°for 2 min, followed by 26 cycles of high stringency 94°for I min, 58°for I min, and n°for 2 min; and finally I cycle of 94°for I min, 58°for I min, and n°for 10 min. For the USP primer amplification was carried out by 2 cycles of 94°for 5 min, 48°for 5 min, and n°for 5 min, 40 cycles of 94°for I min, 60°for I min, and n°for 2 min.
For the decamer primers 551, R28, R2, and R4, the temperature profile consisted of: 94°for 1 min; 40 cycles of 94°for 1 min, 35°for I min, and n°for 2 min; and finally I cycle of 94°for I min, 35°for I min, and n°for 10 min (Williams et al., 1990) .
The PCR reaction was extracted with an equal volume of chloroform, and 5 IJI of the aqueous phase mixed with 6 x loading buffer (0'1 % bromophenol blue, 50% glycerol). Reaction products were analysed by electrophoresis on a 6 % nondenaturing polyacrylamide gel in Tris acetate buffer (Sambrook, Fritsch & Maniatis, 1990) . Electrophoresis was carried out at 6 Vern-I, the gel was stained with ethidium bromide and photographed under uv light.
Similarity matrices
To provide a quantitative measure of relatedness between 5. Duncan, Joanne E. No amplification products were observed for three of the primers (R2, R4, and 551), even when very low annealing temperatures were used. Primers Rl, R28, T7, and U5P, gave multiple products in the size range 0'1-1'5 kb (Figs 1-4). U5P gave fewer products than Rl, and R28, while T7 gave very few products, and then only with a very limited number of isolates. The products were detected by electrophoresis of the amplification reactions on a polyacrylamide gel. The pattern of bands obtained with the primers used in this study are 1078 consistent, in that the same pattern is obtained from independent DNA preparations from the same isolate. The pattern is also independent of DNA concentration over the range 10 pg to 100 ng. A concentration of 50 ng was used in these reactions.
Relationships between isolates of R. solani
Comparison of the fingerprints obtained for groups of isolates from different AG shows that a group specific pattern can be identified for each of the groups (Figs 1-4 ). This pattern is more evident with primers such as USP and T7 which give fewer products, than with primers such as Rl which give multiple products. The relationships between the groups as identified by the fingerprint patterns corresponds to those based on anastomosis behaviour. AG2 is a complex group consisting of the subgroups AG2-1 and AG2-2 (Sneh et aI., 1992). Isolates from these subgroups give patterns which although similar can be readily distinguished (Figs 1-4) . The AG8 isolates can be separated into two distinct groups on the basis of the fingerprints obtained with R28 and T7. Differentiation of these subgroups is less dear with RI, whilst the patterns obtained with USP could not differentiate these groups. These subgroups correspond to ZGI and ZG2 (Table  1 ). All of the other AG correspond to distinct ZG (Table 1) . Thus the groups identified by RAPD-PCR analysis correspond Not all isolates within a group give the same banding pattern_ Some isolates may have bands which are not present in the other isolates of that group, or may be missing bands present in the other isolates. This variation in the group specific pattern is not a consistent feature; it may be observed with one primer and not with another. An example of this is regions show a higher level of variability in their RAPD fingerprint patterns than isolates from the same region. To test this we carried out RAPD-PCR experiments with an extended range of isolates from the same group.
DNA preparations from eight ZGS isolates from different geographical areas were amplified with primer RI. The banding patl:em obtained for these isolates is shown in Fig. 5 , and the similarity matrix is given in Table 4 . Comparison of the banding patl:erns shows that R7S is clearly different from R98, or RI20 with only two bands in common. The similarity matrix shows that R7S is not related to any of the other ZGs isolates. The remaining isolates can be divided into two groups. One group consists of R98, RI20, 1321, and 1519. Within this group isolates from the same region are more closely related to each other than to isolates from a different region. A second group includes SCRII3, SCRII4, and T9. Although these isolates are from the same region as 1321, and RAPD-PCR analysis of Rhizoctonia so/ani the isolate R146. The fingerprint patterns obtained with the RI and USP primers (Figs I, 2) differentiate RI46 and RI63 and RI232, whilst the patl:erns obtained with R28 and T7 show that RI46 is identical to RI63 and RI232 (Figs 3, 4) .
For some of the groups there is a high level of variability between the fingerprint patl:erns of the isolates in that group. This is especially true of the ZG6 isolates. However of the three isolates from this group, one isolate TasD, belongs in ZGI (see below) whilst the other two isolates derive from different geographical areas and this may account for the variability between their fingerprint patterns (Table I) . A similar variability between isolates from different geographical regions is seen with the ZG7 isolates. Although these isolates are very similar (Figs 1-4) , the Tasmanian isolates are more closely related to each other than to the isolate from South Australia.
ZG3 may also be a heterogeneous group, however these isolates all derive from the same region. Of these three isolates, RI6, and RI063 seem to be more closely related to each other than either of them is to RI026. This result was obtained with three of the four primers tested (Figs 1-3) . Nothing is known about the anastomosis behaviour of these isolates. They do not anastomose with standard anastomosis tester strains obtained from Japan (Yang & O'Brien, unpublished).
Similarity matrices
The relationships between isolates can be more clearly represented by similarity matrices. From the number of common bands in the fingerprint patl:ern of the two isolates the formula of Nei & Li (1979) can be used to calculate a similarity coefficient (materials and methods) for pairs of isolates. Pairs which have a higher coefficient are more closely related than those with a lower coefficient. In the construction of the matrix it is assumed that corresponding bands arise by amplification of the same genetic locus. Similarity matrices are very useful for showing relationships that are not apparent from the gel photograph. The similarity matrices derived from the fingerprint patterns obtained with the primers RI, and R28 are shown in Tables 2 and 3, respectively. Matrices were not constructed for primers T7, and USP, since the relationships between strains with these primers is obvious.
The matrices reinforce the conclusions reached from the fingerprint patl:erns, and reveal trends that were not apparent in those patl:erns. R138 appears to be an intermediate form between ZG I and ZG2. This may indicate that it is an intermediate form between ZG I and ZG2. Another relationship revealed by the matrices, is that the ZG6 isolate TasD would appear to belong to ZGI. Both matrices show that it is more closely related to ZG I, than to ZG2, whilst it bears no relationship to the other ZG6 isolates. In support of this, the product obtained from TasD with the T7 primer (Fig.  4) is the same as that obtained with the other ZG I isolates.
Pattern in isolates from different geographical regions
The results of the RAPD-PCR experiments indicate that isolates from the same ZG but from different geographical 
DISCUSSION
In the absence of stable morphologicaL and physiological characteristics (Mordue, Currah & Bridge, 1989) , the identification of isolates of R. so/ani has proved to be very difficult and tedious. The most useful method of classification has been based on the anastomosis behaviour of isolates (Ogoshi, 1987) . On this basis isolates are divided into thirteen groups. This classification correlates to some extent with pathogenicity (Ogoshi, 1987; Anderson, 1982) . Comparisons of the banding patterns obtained by the electrophoresis of soluble proteins (Reynolds, Weinhold & Morris, 1983) , and analysis of the serological relationships of proteins from different isolates (Adams & Butler, 1978) , supported the AG classification scheme. However, isolates belonging to AG2-1, and AG2-2 could not be distinguished. Subsequently, the pectic zymogram classification scheme was developed and revealed that the AG could be further subdivided, e.g. AG8
could be subdivided into four ZG (Sweetingham et aI., 1986; Neate, Cruickshank & Rovira, 1988) . The results of our studies also support the ZG classification schemes. Not only can isolates from the same ZG be grouped together, but isolates within the same AG can be differentiated into ZG using the RAPD assay. This is exemplified by the ability of the assay to support the grouping of AG2 isolates into AG2-1 (ZG5), and AG2-2 (ZG4). Thus RAPD-PCR can be added to the battery of techniques that can be used to classify isolates of R. so/ani.
Our studies reveal that there is a high level of heterogeneity in some of the groups. This is especially true of ZG5 (AG2-1). Isolates belonging to this group, although from the same geographical region appear to be quite different. Heterogeneity is also evident in the ZG3 and ZG7, isolates which originate from the same area. In contrast, other groups such as ZG4 (AG2-2) are homogeneous. R. so/ani is well known for variation in morphologicaL physiologicaL and pathogenic characteristics (Mordue et a/., 1989) and it is this which has made it a difficult organism with which to work. Ogoshi, (1987) has divided AG2 into the subgroups AG2-1, and AG2-2, and has further divided AG2-2 into AG2-2IIIB, and AG2-2IV. This division is based on the frequency of anastomosis with tester strains of known AG. Vilgalys & Gonzalez (1990) 1081 analyzed RFLP patterns in the ribosomal DNA (rDNA) of 87 isolates of R. so/ani, and reported that the highest level of intragroup variation was observed in AG2-1. Neither these authors, or Jabaji-Hare et a/. (1990) who also analyzed RFLP's in the rDNA of R. so/ani were able to differentiate between AG2-1 and AG2-2. The reason for this heterogeneity in AG2-1 (ZG5) is not known. It may be related to the frequency of anastomosis which may lead to gene transfer, and heterokaryon formation. Most AG2 field isolates are heterokaryotic, and some kind of obligate heterothallism operates in this group (Anderson, 1982) . Vilgalys & Gonzalez (1990) have speculated that the heterogeneity of the rDNA RFLP patterns in AG or their subgroups of R. solani may be due to divergent evolution within the group, resulting in the emergence of new groups. This is supported by the data obtained for the ZG5 isolates from SA which can be subdivided into two groups (Table 4) .
Differences in the patterns between isolates from the same geographic region tended to be fewer than differences between isolates from different regions. Thus, for example, the fingerprint patterns for the ZG7 isolate from SA is different from those of the Tasmanian isolates. Variation between isolates from different geographical regions has previously been reported for R. solani, and for other fungal pathogens.
Jabaji-Hare et al. (1990) reported that AG3 (ZG7) isolates of R. so/ani from Canada, U.S.A., Japan, and Britain could be differentiated on the basis of the RFLP pattern obtained with a ribosomal DNA probe. Moreover, isolates from regions of Canada could also be distinguished. Bharathan & Tavantzis (1990) , screened isolates of R. solani for double strand RNA (dsRNA) and found that within an AG genetic relatedness among dsRNAs of common geographic origin was higher than that observed among isolates of distant geographic origin. were able to differentiate isolates of Bremia Iactucae from different populations by RFLP analysis.
The heterogeneity observed among the isolates in this study is greater than that observed by Jabaji-Hare et al. (1990) and Vilgalys & Gonzalez (1990) . This may be due to the different technique used. RFLP analysis, even with ribosomal probes, analyzes relatively few genetic loci, whereas RAPD-PCR analyzes multiple loci with each primer. Differences between isolates from different areas are therefore more easily detected. Levy et a/. (1991) , used a multiple genomic repeat (MGR) sequence as a hybridization probe to differentiate the major pathotypes of the rice blast fungus Magnaporthe grisea. They were able to define clonal lineages within the different pathotypes. The MGR probe is similar to RAPD-PCR in that it gives a complex pattern of multiple bands allowing simultaneous analysis of multiple loci. Using RAPD-PCR we were also able to identify heterogeneities within groups of isolates which originate in the same location. These experiments demonstrate that RAPD-PCR could be a very useful tool for the classification of isolates of R. solani. In contrast to AG determination (the most widely used classification system), RAPD-PCR is quick, and simple to perform. In spite of the extensive variation observed in some of the groups in these experiments, the pattern produced by primers such as USP contains relatively few bands. It is also probable that as more primer sequences are tested, primers that give a very clear differentiation between all of the groups will be identified. Greater specificity of identification can be achieved by using more than one primer. Analysis of Australian isolates by RAPD-PCR has shown that isolates from the different ZG can not only be distinguished easily, but that isolates belonging to the same ZG and from different geographical regions can also be distinguished. Thus the application of this technique should greatly increase our knowledge of the factors affecting the persistence and spread of the pathogen, and reveal new insights into the mechanisms by which variation is generated in this fungus.
